Seventy-seven gem opals from ten countries were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) through a dilution process, in order to establish the nature of the impurities.
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2003). This blue luminescence is well known for opals from the Great Artesian Basin in Australia
where it is utilized to find opals during prospecting, as it is believed to be typical of precious opals (e.g., Smallwood, 1999) .
Some authors attempted to establish geochemical differences between opals of different color, paleness, and between precious and common opals (McOrist et al., 1994; McOrist and Smallwood, 1995, 1997) . They noticed that green, blue and pink opals have a higher concentration in several trace elements than other opals (e.g., Mg and Cu for green and blue opals, Mg and Al for pink opals). They also found that no particular element was characteristic of a specific deposit and, typically, precious opals contain fewer impurities than common opals.
Materials and methods
Materials
Our sampling covered most commercial gem opal localities worldwide, not only the commonly studied Australian sources. The samples are listed in Table 1 , along with their principal characteristics: geographical origin, appearance and Raman type. Some samples from Australia were analyzed for comparison with previous work (10 samples). Mexico, being the second largest world producer because of its large number of deposits all over the country, is widely represented in this study with 32 samples coming from 11 deposits in 4 states. Most of these opals were sampled in the field during four trips to the Mexican high plateaus. Other samples come from Ethiopia (8 samples), Honduras (7), Brazil (6), USA (4), Kazakhstan (3), Slovakia (3), Peru (2) and Tanzania (2). Samples are all gem, common or precious opals, opal-A or opal-CT and come from volcanic or sedimentary environments. Their body color spans almost the entire visible spectrum: blue, green,
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6 yellow, orange, red, pink, white, brown, grey and black, and they are transparent to opaque. Table 1 lists the samples identifying characteristics.
In order to characterize opal formation and mobilization of elements, some analyses were also performed on 10 host rocks, listed in Table 2 . Host rocks of Mexican gem opals were collected in the field together with opals, and 9 were analyzed. One host rock of gem opal from Piaui, Pedro II mine, Brazil, was donated and analyzed. Unfortunately, wholesalers do not commonly sell opal host rocks, thus limiting our sampling. Analyses were done on both the host rock and opal coming from this rock, or sometimes on opal coming from the same deposit (three samples).
Methods
Determination of gemological properties
In order to verify that our samples were indeed opals, a refractometer of Russian manufacture was used to measure the refractive index (RI) with an optical contact liquid of 1.79 RI. The specific gravity was measured by the hydrostatic method. Ultraviolet (UV) photoluminescence was observed using an A. Krüss UV 240 shortwave (254 nm) and longwave (365 nm) 4W UV lamp.
The mineralogical classification of opal-A versus -CT was done using a Bruker RFS 100
Fourier transform Raman spectrometer. To duplicate conditions used by Ostrooumov et al. (1999) and Smallwood et al. (1997) , 1000 scans were accumulated at a power of 350 mW and a resolution of 4 cm -1 . The Nd YAG laser used for excitation has a wavelength of 1064 nm, preventing most luminescence.
Chemical analyses
Opal trace element concentrations were determined by ICP-MS using an Agilent Technologies
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7 HP4500 at Rennes University, France. Normal plasma conditions were used, with the instrumental parameters listed in Table 3 and the procedure followed that of Bouhnik-le-Coz et al. (2001) . Each decontaminated sample (between 50 and 300 mg in size) was digested in a screw-top Teflon bomb (15 mL-Savillex® USA) by treatments using hydrofluoric (HF 29N sub-boiling grade) and nitric acid (14N sub-boiling grade). The sample was dissolved in HF and evaporated to dryness. The last three treatments with nitric acid were necessary to eliminate the HF excess. Quantitative analyses were performed using a conventional external calibration procedure. Three external standard solutions were prepared from multi-element and mono-element standards (certified solutions, AccuStandard, USA). The international geostandards SLRS-4 (riverine water reference material for trace metals certified by the National Research Council of Canada, see Yeghicheyan et al., 2002) and BHVO (basalt rock reference material) were used to check the validity and reproducibility of the analyses by ICP-MS. Indium was added as an internal standard at a concentration level of 100 ppb. The calibration curves were calculated from the intensity ratios of the internal standard and the analyzed elements. Detection limits presented in Table 4 were expressed from the threefold standard deviations of the blank intensities (B) and the intensities of 10 ppb multi-element standard solution (S) using the following equation: LD (ppb)= 3σ x 10 (ppb) / (S-B).
It must be noted that Ti, Zr, V, Nb, As and P were not certified for reference standards. We also tried to use the laser ablation process (LA-ICP-MS), which consumes much less material and is a key towards non-destructive measurements, but we encountered technical difficulties: it was impossible to focus the laser on some samples, especially colorless transparent ones.
Trace element compositions of whole rock samples were measured on a VG Plasma Quad 2+
ICP-MS, using purified lithium tetraborate fusion of rock powder. The internal standard solution (Ge, Mo, Rh, Re and Bi at 10 ppb each) and external geostandards (BR and BHVO) were used for instrument calibration.
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Major element compositions of whole rock samples were measured on a ULTIMA C Jobin-Yvon ICP-AES, using purified lithium tetraborate fusion of rock powder. The ICP-AES analytical conditions are given in Cantagrel and Pin (1994) and international rock standards (BHVO, BR, GH and DRN) were used for instrument calibration. Both trace and major elements were analyzed at the Laboratoire Magmas et Volcans (LMV) in Clermont-Ferrand, France.
Results
Main features of opal trace element chemistry
The impurities in opal are, in order of decreasing average concentration, Al (around 4,500-5,000 ppm) then K, Fe and Ca (about 1,000 ppm) and finally Na and Mg (around 500 ppm; for all data, see Table 4 ). Among the most important trace elements are, in order of decreasing concentration, Ba, Zr (not standardized), Sr, Rb, Mn, Zn, Y, Pb and Cu. Such impurities are overall typical of silicates; the concentrations of some of these (U, Pb, Ba are considered incompatible) may vary widely in most silicate minerals.
Despite the absence of stoichiometry and of a well-defined crystallographic structure, relations of substitution and proportionality exist between some elements in opals. These relations provide some information on the pseudo-crystallochemistry of this poorly crystallized to amorphous material and on the affinities between elements. Silicon atoms can be substituted by aluminum or iron atoms (Webb et al., 1987; Bartoli et al., 1983 Bartoli et al., , 1990 A C C E P T E D M A N U S C R I P T
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(Al+Fe) and the sum of the most common divalent and monovalent cations in opal (Fig. 1) If substitution does exist, elements may also be incorporated in other ways. For example, Fe may be in the form of oxide or hydroxide at a nanometric scale in the body of the opal. Bivalent and monovalent cations may be incorporated either in the whole mass or on the surface of nanograins, which are the elementary block of at least opal-CT (Fritsch et al., 2002) .
Opal colored by other phases
The body color of opals (when it could be established) has so far always been linked to inclusions (Louis et al., 1968; Bojar and Taucher, 1994, 1995; Fritsch et al., 1999 Fritsch et al., , 2004 (Fritsch et al., 2004) . These authors estimated from specific gravity measurements that the insu-00323885, version 1 -23 Sep 2008
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10 palygorskite content in pink opals is about 29 % for Mapimi and about 38 % for Peru. From our measurements of Al and Mg concentrations, we can estimate a proportion of palygorskite in these opals that is 25 % palygorskite in material from Mapimi and 40 % in stones from Peru. These are consistent with previous work. Assuming that the palygorskite content is typical of each locality, its measurement is therefore a clue for determining the geographical origin of a pink opal.
A white opal from Mapimi has been analyzed (sample no 267). This opal also contains palygorskite as an inclusion, with a calculated concentration of 8.7 %. This confirms that the pink color is not due to the inclusion of palygorskite alone, but to an organic substance which belongs to the quinone family, adsorbed by palygorskite (Fritsch et al., 2004) . Fritsch et al., 1999) .
The high Cu concentration of this opal (7,140 ppm in our measurement) was confirmed, whereas other opals contain almost no Cu. Furthermore, we observed a particularly high Mg concentration (about 7,200 ppm more than in a typical opal), but no Al in excess. There are some Cu silicates which are known to color silica (e.g., Koivula and Kammerling, 1991; Koivula et al., 1993; Vasconcelos et al., 2002; Koivula and Tannous, 2003) , but their precise identification is difficult.
Here, we can assume that the color is effectively due to inclusions. Their nature remains uncertain, but can be constrained to a few possibilities such as pure chrysocolla (without Al), or plancheite A C C E P T E D M A N U S C R I P T
11 light scattering phenomenon (Rayleigh scattering).
The orange body color of fire opal has been attributed to nano-inclusions of iron-containing products (Fritsch et al., 1999 (Fritsch et al., , 2002 . In this study, we observed that the intensity of the orange color (from yellow to orange to red to "chocolate"-brown) correlates with the Fe concentration. No other element correlates with Fe. This is consistent with the proposal that these colors are due to ironcontaining nanoscale inclusions, probably Fe-oxyhydroxides.
Luminescence and chemical composition
Opals which emit a luminescence are known to contain uranium (green luminescence) or oxygen-related defects (blue luminescence). An excess of Fe 3+ may quench the luminescence (Fritsch et al., 1999) . We here use our results to quantify these luminescence phenomena.
Uranium is found in variable amounts in opals showing a green luminescence (up to 130 ppm).
All opals with at least 1 ppm of U display such a luminescence (Fig. 2) ; a U concentration as low as 0.02 ppm is sometimes sufficient for a green emission. Blue luminescence does not correlate with particular trace element, which is consistent with an origin linked to oxygen-related defects (Fig. 2 A C C E P T E D M A N U S C R I P T
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12 especially when they are white. This indicates that the distinction between the luminescence of precious and common opals has no chemical ground. Both common and precious opal luminesce green when U ≥1 ppm and Fe <1,000 ppm, and blue when U < 1 ppm and Fe <1,000 ppm.
Geochemistry of opal host rocks
Chemical analyses are presented in Table 2 for rocks and in Table 4 concentration in all elements compared to the host rock, which can be attributed to a dilution. The two patterns are near parallel, with however a progressive depletion from Gd to Lu compared to the host rock. The light rare earth element (LREE) -heavy rare earth element (HREE) ratio is still higher in opal than in its host rock. In the example in Fig. 5 (sample no 765), La/Yb = 23 for opal and = 2.3 for the rhyolite, meaning that HREE are more fractionated in the opal. This is consistent with the hypothesis of opal coming from host rock dilution; HREE are known to be more incompatible than LREE, and so stay preferentially in the host rock.
The Brazilian sandstone and the associated opal patterns (pair no 766) are presented in Fig. 6 .
The parallelism between rock and opal is still apparent, though some elements are preferentially concentrated in the opal compared to host rock, such as Rb, Ba, K, or Sr; these are elements present in alkali feldspar (e.g., Icenhower and London, 1996) . This is because this sandstone is very weathered, as previously noticed from the comparison to PAAS (Fig. 4) . There are no remaining feldspar crystals in the sandstone, all were completely altered to other phases during weathering, and their trace elements appear to have been concentrated within the opal. Furthermore, HREE are also less concentrated in the opal than in the sandstone: La/Yb = 19 in opal and 8 in the sandstone.
Both Mexican and Brazilian opals, either volcanic or sedimentary, come from the dilution of the host rock. However, we cannot deduce a dilution factor. Indeed, we would expect that the most altered rocks (with high LOI) will give the highest trace element concentration in "concentrated" opals. This is not true, and can be explained by a further alteration of the host rock, after opal formation. 
Opal-A versus -CT
Opal-A and -CT are the two mineralogical types of opal, recognizable by their X-ray diffractograms or Raman spectra. From our sampling covering a broad range of deposits around the world, we have observed that gem opal-CT is always found in a volcanic environment. On the contrary, opal-A forms either in sedimentary (which is the most widespread) or in volcanic environments (examples: Honduras, Slovakia and Mexico).
From our data, the distinction between opal-A and -CT is not related to a specific chemical element; at first sight, the impurity and trace element concentration cover the same range of values.
However, a single deposit (such as the one in Honduras) may produce both opal-A and -CT. In this case, concentration of all impurities and traces elements are much lower in opal-A compared to opal-CT sometimes by a factor greater than 100. We therefore hypothesize that opal-A may form preferentially when elements are less concentrated, at least in a volcanic environment.
Play-of-color versus common opal
McOrist and Smallwood (1997) noted that some precious opals contain fewer impurities than common opals. Our work does not confirm this result. In fact, in both varieties of opals, impurities and trace elements have an average total concentration of about 0.96 wt.%. However, precious opals tend to have a more constant impurity concentration than common opals, which can have either very high or very low concentrations. The concentration of impurities and trace elements in precious opals varies by a factor of 10 between the minima and the maxima value, whereas in common opals it varies by a factor of more than 430; this also applies to REE. A comparison of Brazilian precious and common opal's REE patterns is given in Fig. 7 . It appears that precious opals are restricted to a smaller range of element concentration than common opals. This is true for all
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Volcanic versus sedimentary opal
From our analyses, Ba seems to be characteristic of the geological environment of opal formation (Fig. 8) . Sedimentary opals always contain >110 ppm Ba, whereas volcanic opals always have less. From the literature, biogenic sedimentary opal-A contains at least 120 ppm Ba (e.g., Dehairs et al., 1980) . It seems that this concentration is the minimum for sedimentary opal in general. Sedimentary opals are formed in sandstones, which themselves are derived from the weathering and erosion of continental rocks. Barium, most often contained in detrital feldspars, has been liberated through multiple weathering cycles, and is easily dissolved in water from which opals form (e.g., Fagel et al., 1999; Davidson et al., 2005) . In a volcanic environment, feldspars have undergone only one cycle of weathering, hence the Ba content in water is much lower.
Furthermore, REE diagrams of opals from volcanic and sedimentary environments show significant differences. combined with the presence of Nb (>2 ppm). However, it was said in previous work (Johnson et al., 1996; Kinnaird, 2002) A C C E P T E D M A N U S C R I P T
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17 such as those from Tintenbar, Australia (around 3 ppm), and Mexico (opal no 769: 32 ppm).
Ethiopian opals show generally (7 out of 8) a REE pattern with a positive Ce anomaly, whereas elsewhere in volcanic environments, opals have a negative Ce anomaly (Fig. 11a ). This may indicate that during the formation of Ethiopian opals, conditions were oxidizing. Slovakian gem orange opals are distinct from those of other localities because they are opal-A. Other deposits of fire opals are in a volcanic setting, and so form mainly opal-CT. Their REE patterns are however typical of a volcanic environment (Fig. 11b) . Opals from Opal Butte, Oregon, USA (in general, not only fire opals) have a unique REE pattern (Fig. 11c) , with a flat "V" shape. Mexico (more than 250 ppm and 15 ppm respectively). Mexican deposits cannot be differentiated among themselves by their trace elements. Indeed, the opal host rock is of a remarkably constant nature throughout the country, at least enough to give rise to opals with essentially the same chemical profile. The only exception is the Los Laureles mine (Jalisco), as mentioned above, with a characteristic REE pattern in a flat inverse "U" shape ( Fig. 11e) , whereas the general shape of Mexican opals is depleted from LREE to HREE (Fig.3b ).
White opals: White (or milky) opals come especially from Australia, with a lesser percentage from Brazil and Honduras. They can be common or precious opals, the last variety being naturally more A C C E P T E D M A N U S C R I P T
18 from Brazilian opal-CT is their Al and K content, which is more important for Honduran opals (>2,400 ppm and >600 ppm, respectively) than for Brazilian opals (<1,700 ppm and <400 ppm, respectively). Australian and Brazilian opal-A can be differentiated through their Al and Mg concentration. Australian opals have Al / Mg ratio >20, while it is <10 for Brazilian opals.
Australian opals formed in the Great Artesian Basin cannot be separated from each other on the basis of their chemical composition. As for Mexican opals, the geological formation in which these opals form is the same and provides no significant differences in chemical signature. On the contrary, Australian opal-CT are easy to recognize, because of the differences in the geological setting. Opals from Norseman contain only a few impurities, mainly restricted to Al, Na, Mg, and Fe, and no REE. In contrast, opals from Tintenbar are very similar to Mexican opals. It is therefore possible to distinguish opal provinces, but not individual mines in general.
Pink opals: These come from Peru and Mexico. As stated above, they can be separated on the basis of their concentration in palygorskite (see section 4.2). The French pink opal ("Quincyite") is unambiguously identified by its sepiolite (another variety of phyllosilicate) inclusions.
For other varieties (blue opals for example), we did not have enough samples to derive meaningful distinguishing criteria.
Further work
In view of the present results, some further directions of research appear manifest. As in all preliminary studies, results need to be confirmed by further analyses, in particular the comparison of opal to their host rocks. However, the consistency of the present results suggests that our conclusions may have some merit. In addition, this geochemical approach does not offer clues about the very restrictive chemistry of the opal-forming fluids. We know only that they carry silica and insu-00323885, version 1 -23 Sep 2008
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19 some other impurities and traces, while traversing rocks with wt.% concentrations of many of these elements. This is actually a broader question, relevant not only to opal, but also to other silica minerals, in particular chalcedony. This same relatively pure silica solution is observed during the formation of amethyst in geodes from the Rio Grade do Sul basalt flows in Brazil, sometimes with an opal/chalcedony/quartz sequence (Epstein, 1988 and references therein) . Also chalcedony forms during the weathering of serpentine (e.g., Willing and Stocklmayer, 2003) . From opal synthesis in the laboratory, it appears that pH at the time of deposition is an important factor (Darragh and Gascin, 1966; Darragh et al., 1966) . However this parameter cannot be determined directly. Further studies will need to explore this and possibly further parameters in order to provide answers to this nagging question.
Conclusions
The trace element chemistry of gem opals seems to be linked to that of the host rock -at least for samples in this study. Indeed, opals and their host rocks have nearly identical REE patterns. The only differences are a "dilution factor" in opal compared to its host rock, and a depletion from LREE to HREE (explained by the higher mobility of LREE compared to HREE). This result would confirm that opals, either opal-A or -CT, are deposited by circulating fluids.
Furthermore, we found no systematic chemical differences between opal-A and -CT. This means that the crystallinity is independent of the chemical composition of the host rocks. This is consistent
with Rondeau et al. (2004) , who proposed that it is in fact dependent on the temperature of formation, which is "low" for opal-A (about 45°C) and "high" for opal-CT (about 170°C). Other, non-chemical parameters may possibly come into play.
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The formation of precious versus common opal seems however to depend on the chemistry. Our analyses on opals were performed by dilution with an ICP-MS, and we were not able to run the laser ablation correctly. The next step is to make laser ablation possible in order to make the procedure almost non-destructive (only small craters of up to 50 µm would be left at the surface), and thus apply it to cut stones of high value.
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22 Bayliss, P., Males, P.A., 1965. The mineralogical similarity of precious and common opal from Australia. 
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Black squares represent inert opals. The more Fe an opal contains, the less it luminescences. The green luminescence is correlated with U content. Blue luminescence occurs when U <1 ppm and Fe <1,000 ppm. 
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A C C E P T E D M A N U S C R I P T Table 1 . Characteristics of opal samples in this study (Abbreviations: Qr, Queretaro; Jal, Jalisco; Nay, Nayarit; C, common opal; P, precious opal; Luminescence: G-Y, greenish yellow; B, blue). A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T
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31 Table 3 . Instrumental and data acquisition parameters for ICP-MS using an Agilent Technologies HP4500. A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T c-USA: flat "V" shape with a high negative Eu anomaly, characteristic of opals from this origin.
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d-Kazakhstan: typical depletion from LREE to HREE; small negative anomaly in Eu, less intense than that in Ce.
e-Los Laureles mine, Jalisco, Mexico: this deposit is the only one which can be differentiated from other Mexican deposits, with its REE patterns in flat inverse "U"; the intense negative anomaly in Eu is present, as in other Mexican deposits.
